We systematically studied the enhancement factor (per scan) and the sensitivity enhancement (per unit H} correlation spectra, using, respectively, indirect detection or Carr-Purcell-Meiboom-Gill (CPMG) refocusing to boost signal acquisition. This study highlights opportunities for further improvements through the development of high-field DNP, better polarizing agents, and improved capabilities for low-temperature MAS.
Introduction
One of the most fundamental challenges in nuclear magnetic resonance (NMR) is its intrinsically low sensitivity. The signalto-noise ratio (S/N) per scan in an NMR measurement depends upon, among other parameters, the gyromagnetic ratio of the observed nuclei g obs , the strength of the static magnetic field B 0 , the temperature T and the apparent transverse relaxation time, T Ã 2 .
1 In solid-state NMR, the detection limits are further affected by inhomogeneous line broadening, which can reduce T Ã 2 by several orders of magnitude. One of the main strategies for increasing the sensitivity is to begin by exciting high-g spins and transferring their polarization to the observed low-g nuclei. This approach is commonly used in 1 H -X cross-polarization (CP), as a means of improving the sensitivity of hetero-nuclei (X = 13 C, 29 Si, 15 N, etc.) in solids.
Correspondingly larger gains of up to two orders of magnitude can be achieved by polarizing the nuclei via unpaired electron spins, as proposed by Overhauser and demonstrated by Slichter in the 1950s. 2, 3 This idea, referred to as dynamic nuclear polarization (DNP), relies on the transfer of polarization from unpaired electrons to nuclei, which is driven by microwave (mw) irradiation near the electron spin resonance (ESR) frequency. In the 1980s and 1990s DNP was combined with 1 H -X CP under magic angle spinning (MAS), and applied successfully to a variety of solid materials containing unpaired electrons that occur naturally or are introduced by doping. 4, 5 In the past decade, advances in gyrotron technology, 6 ,7 the development of cryogenic MAS probes for DNP, 8 and improved biradicals or other polarizing agents [9] [10] [11] enabled researchers to perform DNP NMR experiments at higher magnetic fields. One of the most universal polarizing agents is the biradical 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol (TOTAPOL). 10 For favourably oriented molecules in frozen glasses, the two unpaired electrons of TOTAPOL exhibit ESR frequencies that differ roughly by the nuclear Larmor frequency. 12 This facilitates an efficient three-spin ''cross-effect'' involving a flip-flop process of the two unpaired electrons and a flip of the nucleus. [12] [13] [14] Significant signal enhancements can be achieved, not only in biological systems 8, [15] [16] [17] [18] [19] [20] but also in microcrystalline organic solids 21, 22 or on surfaces and subsurfaces of silicates, aluminates, nanomaterials, and metal-organic frameworks (MOFs). [23] [24] [25] [26] Several studies have addressed the quantification of the sensitivity enhancement in these experiments. 21, [26] [27] [28] [29] [30] The DNP enhancement factor is typically determined by comparing the spectra measured with mw irradiation ''on'' and ''off'', under the same conditions of static field B 0 and sample temperature T, using sufficiently long recycle delays so that relaxation effects can be neglected. In a study of DNP-enhanced 13 C CP-MAS NMR of a solvent-free peptide with covalently attached TOTAPOL 28 a more general enhancement factor was described which also accounts for effects of the radicals on the spin-lattice relaxation times T 1 H of the protons and on paramagnetic broadening ('quenching') of the signals. The influence of TOTAPOL concentration (in water/glycerol) on T 1 H and
T 1r H relaxation of protons, and the performance of 13 C DNP-CP-MAS NMR in proline was studied by Lange et al. 30 Rossini et al. 29 quantified sensitivity enhancements of 29 Si DNP-CP-MAS NMR of passivated hybrid mesoporous silica. In addition to quenching and T 1 H relaxation, they studied the effect of TOTAPOL on T Here, we set out to systematically assess the contributions of various experimental factors to the global sensitivity enhancement in DNP-CP-MAS NMR of both 13 C and 29 Si nuclei. We focus on mesoporous silica nanoparticles (MSNs) functionalized with 3-(N-phenylureido)propyl (PUP) groups. In particular, we compare signals obtained under optimized DNP conditions and signals achievable at room temperature with non-impregnated samples exposed to ambient conditions in the laboratory (hereafter, ''dry''). We take into account differences in relaxation, polarization transfer, and the chemical environment. Furthermore, we correlate these capabilities with state-of-the-art two-dimensional (2D) heteronuclear correlation (HETCOR) spectra utilizing either indirect detection of 13 C nuclei via protons, 31, 32 or CPMG-enhanced 29 Si acquisition. 33, 34 The discussion also incorporates contributions to the global sensitivity enhancement that were not addressed experimentally, stemming from potential changes in line widths, solvent effects, the Boltzmann factor, and probe characteristics. The results of this study offer additional insights into the potential of DNP for functionalized surfaces and highlight the need for further improvements.
Experimental

Materials
The PUP-functionalized MSNs (PUP-MSNs) were prepared using a previously reported co-condensation method. 35, 36 Cetyltrimethylammonium bromide (CTAB), sodium hydroxide, aniline and mesitylene were purchased from Sigma-Aldrich. Tetraethoxysilane (TEOS) and 3-isocyanatopropyl-triethoxysilane were purchased from Gelest. All reagents were used as received. 3-Isocyanatopropyl triethoxysilane (0.50 mL) was mixed with aniline (0.25 mL) in a screw-cap vial and stirred at room temperature for 1 h to give crude 3-(N-phenylureido)propyl triethoxysilane. Simultaneously, CTAB (1.02 g), mesitylene (5.0 mL), NaOH (2 M, 3.5 mL), and H 2 O (480 mL) were mixed in a round-bottom flask and heated at 80 1C for 1 h with vigorous stirring. To the resulting clear solution, TEOS (5.0 mL) was added drop-wise followed immediately by drop-wise addition of the crude 3-(N-phenylureido)propyl triethoxysilane, forming a cream-colored precipitate. The product was isolated by hot filtration, washed with copious amounts of water and methanol, and dried under vacuum at room temperature. The template was extracted by refluxing methanol in a Soxhlet extractor. The resulting surfactant-free solid product was dried under vacuum at room temperature. The concentration of PUP groups was estimated at 1.3 (AE0.1) mmol/g, based on quantitative 29 Si NMR spectrum taken using direct polarization.
Solid-state NMR
2.2.1. Sample preparation. Dry PUP-MSN powder was mixed with 12.5 mM TOTAPOL dissolved in water with natural isotopic abundance and stirred using a glass rod. This concentration is known to result in optimal sensitivity enhancements for mesoporous silica materials. 29 After one day of impregnation at room temperature, excess TOTAPOL solution was removed by centrifugation at 12110 Â g for 5 min. The concentration of TOTAPOL in the samples was measured on a Bruker Biospin ELEXYS E580E X-band ESR spectrometer, using 2 mW of mw power, 0.5 G amplitude modulation, and 4-amino-TEMPO as reference. The ESR spectrum was simulated with the EasySpin program 37 knowing the g-tensor, the hyperfine couplings with the 14 N nucleus, the dipolar interaction between the two electrons of TOTAPOL and the rotational correlation time, t c .
To assess the extent of paramagnetic quenching, the PUP-MSN powder was also impregnated with pure water in natural isotopic abundance, following the same procedures. The impregnated samples were transferred to 3.2-mm sapphire rotors and weighed. Sapphire is nearly transparent to frequencies higher than 140 GHz and its excellent thermal conductivity reduces the sample heating due to mw irradiation and MAS. Si correlation. [31] [32] [33] [34] The experimental parameters are given in the captions, using the following symbols: n X RF is the magnitude of the radiofrequency (RF) magnetic field applied to X spins, t CP is the cross-polarization time, t CPMG is the delay between the rotor-synchronized p pulses in the CPMG sequence, N CPMG is the number of echoes, Dt 1 is the increment of t 1 during 2D acquisition, and t RD is the recycle delay (we assume that the acquisition time of free induction decay is negligibly small compared to the recovery delay). The 1 H, 13 C and 29 Si chemical shifts were referenced with respect to tetramethylsilane (TMS) at 0 ppm.
Results
The overall concentration of TOTAPOL, c m , in the impregnated PUP-MSNs was determined by ESR spectroscopy and is about 9.5 mM. The simulation of the X-band ESR spectrum (not shown) yields a correlation time t c = 410 ns, 42 which indicates that the motions of the TOTAPOL molecules are strongly restricted in the mesopores of MSNs. This observation suggests some adsorption of TOTAPOL onto the silica surface. 25 The parameters extracted from the fit of the X-band ESR spectrum were used to simulate the ESR spectrum at 263 GHz which exhibits a 1.1 GHz inhomogeneous broadening due to g-anisotropy. This greatly exceeds the 1 H Larmor frequency at 9.4 T and favours the cross-effect DNP mechanism involving two unpaired electrons in TOTAPOL. [12] [13] [14] 39, 43 The amplitude of the microwave field in the sample does not exceed a few MHz, 44 thus only a small fraction of the unpaired electrons can be saturated by the microwave irradiation in a static sample. However, in a spinning sample the ESR resonance frequencies are modulated by the sample rotation, so that a larger fraction of unpaired electrons can be affected by the microwave field, thereby contributing to the DNP enhancement. 45, 46 To separate various contributions to the global DNP enhancement, we carried out a series of 
29
Si CP-MAS experiments using the samples and experimental conditions summarized in Table 1 . C and 29 Si spectra (e scan on/off E 23 for both nuclei).
As expected, the longitudinal relaxation times T 1 H of the proton bath, summarized in Table 2 , are strongly influenced by Si CP-MAS spectra of PUP-MSNs impregnated with aqueous TOTAPOL solution, recorded with and without mw irradiation at T E 98 K (H 2 O*-LT-on and H 2 O*-LT-off, respectively). The spectra were measured using n R = 10 kHz, t CP = 2 ms, n C RF = n Si RF = 46 kHz during CP, n H RF ramped from 53 to 59 kHz during CP and n H RF = 95 kHz during the p/2 pulses and SPINAL-64 1 H decoupling. 47 The recycle delay was t RD = 1.3 s, 512 scans were accumulated for 13 C (total time = 11 min) and 1024 scans for 29 Si (total time = 22 min). The 13 C signal assignments in PUP refer to Scheme 1. ''CTAB'' denotes the CH 2 resonances of the residual cetyltrimethylammonium bromide surfactant that was not extracted from the pores, whereas ''-OMe'' represents methoxy groups due to washing with methanol. In (b), the T n silicon signals with n = 2 or 3 represent (SiO) n SiR(OX) 3-n grafting sites with R = PUP, X = H or Me, whereas Q n (n = 2, 3 and 4) corresponds to (SiO) n Si(OX) 4-n sites. Fig. 1 ). This can be ascribed to (i) the propagation of DNPenhanced 1 H polarization via 1 H spin diffusion, as previously observed in organic and hybrid nano-and micro-particles, 15, 22, 42 and (ii) the low efficiency of CP in the vicinity of TOTAPOL, owing to short longitudinal and T 1r H relaxation times in the rotating frame. 30 Nuclei in the immediate proximity of TOTAPOL radicals (on the order of B1 nm or less) 30, 48 are not observable ('quenched') because of paramagnetic broadening. Furthermore, Fig. 2 shows that TOTAPOL did not broaden the visible linewidths at the concentrations used in this study. This is due both to the low CP efficiency near TOTAPOL and to the atomic-scale disorder in PUP-MSNs, producing a distribution in 13 C and 29 Si isotropic chemical shifts, which masks paramagnetic broadening. were recorded on both instruments (see Fig. 2 and top spectra of Fig. 3 ). The RF amplitudes of the 1 H decoupling fields were 95 and B40 kHz, respectively, on the spectrometers with and without gyrotron, hence the broadening of the aliphatic carbon signals observed without gyrotron. Fig. 3 shows that the presence of frozen water does not increase the linewidth in PUP-MSN, since the dry PUP-MSNs already exhibit atomic-scale disorder. This observation stands in contrast with organic or biological molecules in frozen solutions, where significant line broadening due to static disorder in frozen samples has been reported. 49 4. Discussion
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Contributions to the global DNP enhancement
When comparing DNP-CP-MAS with traditional CP-MAS measurements, one must consider not only the effect of mw irradiation on the nuclear polarization, but also the consequences of introducing the TOTAPOL solution into the pores. As noted above, TOTAPOL enhances nuclear T 1 relaxation, thereby allowing for shorter recycle delays, so that more scans can be recorded per unit time. On the other hand, the unpaired electrons can render a fraction of the nuclei unobservable due to paramagnetic broadening. The frozen solvent (water in our case) modifies the environment of the nuclei and provides an abundant pool of 1 H nuclei in the pores. This affects the longitudinal relaxation times T 1 H , as well as the efficiency of the CP process. 30 The discussion below includes several additional factors that were not confronted experimentally. 4.1.1. Enhancement per scan and per unit of time. When comparing two experiments A and B, the improvement in S/N can be characterized in terms of an enhancement factor either . The recycle delays were t RD = 5 s for H 2 O*-LT-off and t RD =15 s for H 2 O-LT-off, with 512 scans acquired for both 13 C spectra and the 29 Si spectrum H 2 O-LT-off, and 3072 scans for the 29 Si spectrum H 2 O*-LT-off. The other experimental conditions were the same as in Fig. 1 . The spectra were normalized by dividing the intensities by the number of scans to compare intensities per scan. 
as shown in Appendix A.3. In eqn (3), the factor k(A; B) = T 1 (B)/ T 1 (A) is the ratio of longitudinal relaxation times in experiments B and A. For example, in 1 H -X CP-MAS experiments,
In the next paragraphs we discuss various contributions to the global sensitivity enhancement offered by DNP-CP-MAS experiments.
4.1.2. Microwave effect. The effect of mw irradiation is given by e on/off = e(H 2 O*-LT-on; H 2 O*-LT-off).
In 1 H - Furthermore, in our PUP-MSN samples, as can be seen in Fig. 1 4.1.3. Effect of radical concentration. The incorporation of TOTAPOL reduces the longitudinal proton relaxation time T 1 H , but also the apparent transverse relaxation time T Ã 2 of nearby nuclei, leading to line-broadening known as 'quenching' since it usually prevents the observation of nuclei distant by less than a few Angstroms from unpaired electrons. Furthermore, the introduction of exogenous radicals also shortens the longitudinal relaxation times in the rotating frame, T 1r , of both 1 H and X nuclei, which affects the CP efficiency. These paramagnetic effects can be assessed globally by comparing experiments with and without radicals, e para = e(H 2 O*-LT-off; H 2 O-LT-off).
As stated in the previous section (see Fig. 2 ), the introduction of TOTAPOL into our PUP-MSN samples affects neither the linewidths of 13 29 Si, respectively. Assuming that (i) the TOTAPOL molecules are homogeneously distributed in frozen water (which at the concentration of 9.5 mM corresponds to one biradical molecule per B175 nm 3 ), (ii) the unpaired electrons in TOTAPOL are roughly 1 nm apart, and (iii) the quenching affects all nuclei closer than 1 nm from the unpaired electrons, 30 the expected values of e scan para should exceed 0.9. The fact that more significant fractions of both nuclei became ''invisible'' in our experiments can be attributed to the large pore diameter (B5 nm) of the MSNs used in this study, which enabled the penetration of TOTAPOL biradicals into the pores. Furthermore, it has been suggested that TOTAPOL radicals may be adsorbed on the surface via hydrogen bonds with silanol and siloxane groups. 25 Such an adsorption can amplify the quench- presence of TOTAPOL in our samples highlights the need to avoid close contacts of TOTAPOL with the target spins. 
based on spectra such as shown in Fig. 3 . In Fig. 3 , the 13 C signals from aliphatic carbons in both H 2 O-LT-off and dry-LT-off show increased line widths with respect to H 2 O-LT-off spectra in Fig. 2 , owing to insufficient amplitude of the 1 H decoupling field. To avoid errors due to insufficient decoupling, the enhancements per scan were evaluated using the integrated intensities of signals of aromatic carbons, which can be decoupled with weaker RF fields. In principle, the factor e 
The corresponding sensitivity enhancement is
with
where k DNP = T 1 H (dry-LT-off)/t DNP . Eqn (7) 4.1.6. Global enhancement. Finally, the sensitivity of DNP experiments has to be compared with conventional NMR methods at room temperature, with state-of-the-art probes, fast spinning, optimal pulse sequences, and the highest available magnetic fields. The global S/N enhancement with respect to conventional NMR experiment can be evaluated as, 
where k B and k T account for the effects of the static magnetic field and temperature on T 1 H relaxation. The factor e scan probe is determined by characteristics of the coil (geometry, filling factor, quality factor Q, and temperature) and the temperature and performance of the preamplifier. The factor e scan seq is essential when comparing experiments acquired with different pulse sequences, for example with or without recording multiple echoes using the CPMG sequence. The magnetic field and the sample temperature can affect both the signal integral (via the Boltzmann factor) as well as the linewidth.
As an example, for PUP-MSN samples, we compared at the same static field the sensitivity of DNP-CP-MAS at low temperature and conventional CP-MAS at room temperature e global = e(H 2 O*-LT-on; dry-RT-off) (13) and
In this case, e Table 2 ). We further assumed that e In our samples, no significant changes in line widths were observed between the different experiments (under proper decoupling) since the dry-PUP-MSN samples already exhibit significant atomic-scale disorder. In general, the line widths can be affected by different factors, including paramagnetic effects, static disorder of the solvent or slower molecular motions at low temperature, as indeed observed in biological or organic molecules dispersed in glass-forming solvents or in metal-oxide frameworks. 21, 26, 49, 55 21 The static magnetic field often affects the line widths in solids, especially for NMR spectra of quadrupolar nuclei and protons, as well as NMR signals dominated by a distribution of isotropic chemical shifts.
The individual contributions and their origins are summarized in Tables 3 and 4 . Clearly, the sensitivity enhancements will vary depending on the chemical structure and morphology of the samples, e.g., pore diameter, surface passivation with nonpolar groups, concentration and accessibility of TOTAPOL, and sample treatment, e.g., removal of paramagnetic oxygen that Si heteronuclear correlation spectra of the same PUP-MSN sample taken without the assistance of DNP under the best possible conditions currently available in our laboratories. Fig. 4 shows 1D 1 H -13 C CP-MAS spectra and 2D 1 H -13 C -1 H spectra of the dry-RT-off sample obtained at 14.1 T.
Both data sets were acquired in the same experimental time.
As expected, the 2D experiment provides useful 1 H-13 C correlations. More surprisingly, it also yields better S/N ratios for all carbons than the corresponding 1D CP-MAS spectrum (by a factor of B2 in the case of C7), thus clearly demonstrating the sensitivity advantage of indirect detection. The comparison with the 1D 1 H -13 C DNP-CP-MAS spectrum (H 2 O*-LT-on, Fig. 1a) is not straightforward, due to different magnetic fields, different spinning frequencies, the presence of spinning sidebands in the DNP-enhanced spectrum, the use of two consecutive CP steps for indirect detection at room temperature, 22 ,52 c Not when the sequences differ by the RF irradiation during signal acquisition (use of hetero-or homo-nuclear decoupling, CPMG).
d Second-order quadrupolar broadening. e Reduction of the line broadening due to homonuclear dipolar interactions for a larger difference in resonance frequencies. the presence of frozen water and its rigidity at low temperatures, and different rotors with capacities of 160 and 8 mL at 9.4 and 14.1 T, respectively. Noting that the 13 C spectrum in Fig. 1a was acquired in just 11 min, while the spectra in Fig. 4 only N CPMG = 5 echoes were used, which was sufficient to give an enhancement e time seq (dry-RT-off-CPMG; dry-RT-off) = 2.3 and a good 2D spectrum within a reasonable experimental time (B18 h). Such 1 H- 29 Si HETCOR spectra are useful to characterize the conformations of functional groups on the silica surfaces. 59 If only the distributions of silicon functionalities need to be characterized, 1D spectra may be sufficient. In this context, DNP enhancement is clearly beneficial, especially for qualitative characterization. [23] [24] [25] For PUP-MSN samples, a high-quality DNP-CP-MAS spectrum (Fig. 1b) could be acquired in 22 min at 9.4 T, yielding a similar S/N ratio as a conventional 1 H -
29
Si CP-MAS spectrum (Fig. 5a ) acquired at 14.1 T with a much longer acquisition time of 5.5 h. The change in line shape in the DNP spectrum can be attributed to the much shorter t CP contact.
Conclusions
We assessed various contributions to the signal enhancement obtained in DNP-CP-MAS studies of functionalized mesoporous silica nanoparticles (PUP-MSNs) and compared the results with conventional room-temperature CP-MAS measurements on the same systems. When comparing 1D CP-MAS experiments performed at low temperature (around 100 K), the sensitivity enhancement factors attributable to microwave irradiation e . These results confirm that DNP is useful to probe small surface areas and surface species with low concentrations. The imminent development of high-field DNP and improvements of polarizing agents will likely afford higher sensitivity gains and enable novel applications. Solvent-free approaches to DNP should eliminate perturbations due to frozen water which can affect the structure, reactivity, intermolecular interactions and dynamics on silica surfaces. Two-dimensional correlation studies of such materials, combined with indirect detection and CPMG acquisition, which recently became feasible (albeit time consuming) at room temperature should become possible at low temperatures. These techniques will necessitate faster spinning at low temperatures, and thus better control of frictional heating. 39 Possible adverse consequences of fast spinning may include quenching of spin diffusion and losses of DNP efficiency due to modulations of ESR frequencies and the resulting crossings of energy levels. 45, 46 Thus, the general expression for the enhancement per scan is given by 
